Recently, we demonstrated that pyruvate dehydrogenase A2 (PDHA2) is tyrosine phosphorylated in capacitated hamster spermatozoa. In this report, using bromopyruvate (BP), an inhibitor of PDHA, we demonstrated that hamster sperm hyperactivation was blocked regardless of whether PDHA was inhibited prior to or after the onset of hyperactivation, but the acrosome reaction was blocked only if PDHA was inhibited prior to the onset of the acrosome reaction. Further, inhibition of PDHA activity did not inhibit capacitation-associated protein tyrosine phosphorylation observed in hamster spermatozoa. It is demonstrated that the essentiality of PDHA for sperm capacitation is probably dependent on its ability to generate effectors of capacitation such as reactive oxygen species (ROS) and cAMP, which are significantly decreased in the presence of BP. MICA (5-methoxyindole-2-carboxylic acid, a specific inhibitor of dihydrolipoamide dehydrogenase [DLD]), another component of the pyruvate dehydrogenase complex (PDHc), also signficantly inhibited ROS generation and cAMP levels thus implying that these enzymes of the PDHc are required for ROS and cAMP generation. Furthermore, dibutryl cyclic adenosine monophosphate could significantly reverse the inhibition of hyperactivation observed in the presence of BP and inhibition of acrosome reaction observed in the presence of BP or MICA. The calcium ionophore, A23187, could also significantly reverse the inhibitory effect of BP and MICA on sperm acrosome reaction. These results establish that PDHA is required for hamster sperm hyperactivation and acrosome reaction, and DLD is required for hamster acrosome reaction. This study also provides evidence that ROS, cAMP, and calcium are involved downstream to PDHA.
INTRODUCTION
In the 1950s, Chang [1] and Austin [2] were the first to discover the phenomenon of sperm ''capacitation,'' and it referred to the finite period of residence of the spermatozoa in the female reproductive tract, during which time it acquired the ability to fertilize the oocyte. Over the years, capacitation has been recognized as a multifaceted phenomenon, during which the spermatozoa exhibit changes in metabolism, intracellular calcium levels, intracellular cAMP levels, intracellular reactive oxygen species (ROS) levels, plasma membrane fluidity, and intracellular pH during this process [3, 4] . At the molecular level, an increase in tyrosine phosphorylation of proteins is considered to be a hallmark of sperm capacitation [5, 6] . Therefore, identification of these capacitation-induced, tyrosine-phosphorylated proteins and their specific role with respect to sperm capacitation may unravel the molecular basis of sperm capacitation. The proteins identified thus far include proteins involved in signal transduction, like A Kinase Anchoring Protein (AKAP) [7] , a structural protein like the fibrous sheath protein of 95 kDa (AKAP3) [8] , a calciumbinding tyrosine phosphorylation regulator protein [9] , metabolic enzymes like dihydrolipoamide dehydrogenase (DLD) [10, 11] , phospholipid hydroperoxide glutathione peroxidase (GPX4) [12] and pyruvate dehydrogenase A (PDHA) [13] , and a heat shock protein of 90 kDa [14] . A few of these proteins have been implicated in spermatozoal capacitation, mediated through their effects on hyperactivation or acrosome reaction or both, but as yet the molecular basis of capacitation is still a poorly understood phenomenon [15] .
Pyruvate dehydrogenase complex (PDHc) is a multienzyme complex consisting of pyruvate dehydrogenase (E1, now renamed PDHA), dihydrolipoamide acetyltransferase (E2, now renamed DLAT), and lipoamide dehydrogenase (E3, now renamed DLD). Pyruvate dehydrogenase complex is canonically located in the mitochondrial matrix and catalyzes the oxidative decarboxylation of pyruvate to acetyl CoA, the reduced form of nicotinamide adenine dinucleotide (NADH) and CO 2 , through a series of five reactions involving PDHA, DLAT, and DLD [16, 17] . 
PDHA catalyzes the rate-limiting step in the whole process [18, 19] . Recently, we demonstrated that PDHA2 and DLD, two of the components of PDHc, exhibit capacitationdependent tyrosine phosphorylation in hamster spermatozoa and are located extramitochondrially, and inhibition of their activities causes significant inhibition of hyperactivation or acrosome reaction or both [10, 11, 13] . Therefore, the question that arises is, How does PDHc influence sperm capacitation?
However, taking cognizance of the fact that ROS mediates sperm capacitation [20, 21] and the observations that isolated and purified PDHc from bovine heart and mouse brain can generate peroxides and superoxides [22, 23] , it is possible that the ability of PDHc to modulate sperm capacitation is dependent on its ability to generate ROS.
In this report, evidence is provided to demonstrate that PDHA and DLD, which are tyrosine phosphorylated in a capacitationdependent manner in hamster spermatozoa [10, 13] , are needed for capacitation of hamster spermatozoa. The study also highlights a major contribution of ROS from the above two components of PDHc in hamster spermatozoa and establishes a link between ROS and cAMP in hamster spermatozoa. It appears that the role of cAMP and calcium is downstream to PDHA and DLD with respect to hamster sperm capacitation.
MATERIALS AND METHODS

Materials
Acrylamide, ampholytes, ammonium persulphate, aprotinin, A23187, BSA, b-mercaptoethanol, bis-acrylamide, bromopyruvate (BP), calcium chloride, Coomassie Brilliant Blue R250, DCPIP (2,6-dichlorophenolindophenol), deoxyglucose (DOG), epinephrine, hypotaurine, horseradish peroxidase, lactate dehydrogenase, lactic acid, luminol, MICA (5-methoxyindole-2-carboxylic acid), nicotinamide dinucleotides (oxidized NAD, reduced NADH), penicillamine, pentoxyphylline, phenylmethylsulphonylfluoride (PMSF), ponceau S, Ophospho-L-tyrosine, pyruvate, sodium arsenite, sodium orthovanadate, thiamine pyrophosphate, Triton X-100, and urea were purchased from Sigma (St. Louis, MO). Nitrocellulose membrane, low-molecular weight standards, isoelectric focusing markers, and Enhanced Chemi-Luminiscence kit were purchased from Amersham. Monoclonal anti-phosphotyrosine antibody (clone 4G10) was from Promega (Madison, WI). The secondary antibodies conjugated to either horseradish peroxidase or to alkaline phosphatase were purchased from Sigma. Cyclic AMP-peroxidase conjugate and TMB (3,3 0 ,5, 0 0 -tetramethylbenzidine) were obtained from Biotrak EIA (Amersham Biosciences). The x-ray film was from Konica Corporation (Tokyo, Japan). All other chemicals purchased were of high analytical grade.
Preparation of Hamster Spermatozoal Suspension
Cauda epididymal spermatozoa from the distal epididymis of 6-mo-old hamsters (Mesocricetus auratus) were collected following the procedure described previously [10, 11, 13] and transferred directly into TALP. TALP is a modified Tyrode medium containing albumin, lactate, and pyruvate, and is known to support the capacitation of hamster spermatozoa [24] . The sperm count was determined using motile swim-up spermatozoa, which were analyzed in a Makler chamber using an HTM-CEROS (Hamilton Thorne, Beverly, MA) Computer Assisted Semen Analyzer (CASA), as described previously [10] . Aliquots of the sperm suspension, collected after swim up, were in vitro capacitated by incubating the suspension in TALP medium in a CO 2 incubator set at 378C and flushed with 5% CO 2 in air. TALP was prepared in Milli Q water containing NaCl (114 mM), KCl (3.16 mM), CaCl 2 Á 2H 2 O (2 mM), MgCl 2 Á 6H 2 O (0.35 mM), NaHCO 3 (25 mM), sodium lactate (12.5 mM), and glucose (5 mM). The pH of the medium was adjusted to 7.6, and osmolality to 280-300 mmol/kg. Prior to use, the medium was supplemented with PHE, which is a cocktail of motility stimulators (containing 2 mM penicillamine, 10 mM hypotaurine, and 100 lm epinephrine), pyruvate (0.18 mM), and BSA (3 mg/ml). This cocktail was developed by Dow and Bavister [24] and was demonstrated to sustain the motility of hamster spermatozoa during capacitation and in vitro fertilization. Spermatozoa collected at 0 h were assigned as noncapacitated, and those that were collected at 5 h were assigned as capacitated spermatozoa. The inhibitor BP was prepared fresh as a 100 mM stock in TALP, and the osmolality was adjusted to 280-300 mmol/kg prior to use. The MICA was dissolved in the TALP media by adding 10 N of NaOH drop by drop. All animal experiments were performed in accordance with the guidelines of the Institutional Animal Ethics Committee of Centre for Cellular and Molecular Biology, Hyderabad, India.
Assessment of Motility and Hyperactivation in Hamster Spermatozoa Treated with BP
In an attempt to understand the importance of PDHA in hamster sperm capacitation, experiments were designed to inhibit the activity of PDHA with BP and monitor changes in hamster sperm motility and hyperactivation. Hamster spermatozoa were incubated in the absence and presence of different concentrations of BP (0.005 mM, 0.01 mM, 0.05 mM or 0.1 mM) up to 5 h of incubation in TALP. Hyperactivation of hamster spermatozoa was assessed using CASA according to the criteria described previously [5, 7, 10] . Nonhyperactivated spermatozoa exhibit planar motility, whereas the hyperactivated ones exhibit a circular or helical type of motility. The results were expressed separately as a percentage of motile spermatozoa and a percentage of spermatozoa that were hyperactivated. In each field of the CASA, about 30 to 40 spermatozoa are visible. Therefore, images from four to five fields were recorded, and subsequently a total of 150 individual spermatozoa were scored based on their motility pattern at each time point to establish whether the sperm were hyperactivated or not based on their motility pattern and velocity parameters as described below.
Kinematic Analysis of Hamster Sperm Movement
For this purpose, spermatozoa were dispersed onto prewarmed slide chambers made out of paraffin film on glass slides [25] and covered with a cover slip, and four to five fields of each sample were recorded using CASA. The recorded fields were then rerun and analyzed for the percentage of motile spermatozoa and hyperactivated spermatozoa. The same recorded samples were also analyzed for average path velocity (VAP), curvilinear velocity (VCL), straight line velocity (VSL), linearity (LIN), amplitude of lateral head displacement (ALH), straightness (STR), and beat cross frequency (BCF) using the following set of parameters: frames acquired, 50; frame rate (Hz), 60; minimum contrast, 25; minimum cell size (pixels), 10; straightness threshold (%), 80; low VAP cutoff (lm/sec), 7.5; medium VAP cutoff (lm/sec), 12.5; low VSL cutoff (lm/sec), 5; static head intensity limits, 0.2-1.47; static head size limits, 0.12-7.37; static elongation limits, 1-98; magnification, 1.14 (43); video frequency (Hz), 60; bright field, off; slide temperature (8C), 37; and field selection mode, manual [5, 7, 10] . A minimum of 150 spermatozoa were analyzed for kinematic parameters.
Assessment of Acrosome Reaction in Hamster Spermatozoa Treated with BP
Spermatozoa were stained with eosin Y (0.25% in medium) and scored for spontaneous acrosome-reacted spermatozoa using a phase-contrast microscope (Leitz Messetechnik, Wetzlar, Germany) with a 340 objective [5] . A minimum of 100 spermatozoa were scored for each time point, and results were expressed as percentage of acrosome-reacted spermatozoa. Hamster spermatozoa incubated in TALP containing BP (0.005, 0.01, or 0.05 mM) were also scored for acrosome reaction at the respective time points.
Extraction of Hamster Sperm Proteins for Two-Dimensional Gel Electrophoresis
Spermatozoal suspensions were collected and washed by centrifugation twice at 9500 rpm for 5 min at 48C in 1 ml TBS (20 mM Tris buffer and 137 mM NaCl, pH 7.4) having 1 mM sodium orthovanadate as a tyrosine phosphatase inhibitor. For two-dimensional (2D) PAGE [26] , 50 3 10 6 spermatozoa were taken and incubated for 1 h at 48C in a lysis buffer containing 9.5 M urea, 2% NP-40, 1.6% ampholytes (pH 5-8), 0.4% ampholytes (pH 3-10), and 5% b-mercaptoethanol supplemented with 1 mM sodium orthovanadate. Solubilized samples were then centrifuged at 14 000 rpm for 15 min, and the supernatant was used for 2D-PAGE. The solubilized sample was first resolved by isoelectric focusing using gel strips containing 9.5 M urea, 4% acrylamide, 2% NP-40, 1.6% ampholyte (pH 5-8), 0.4% ampholyte (pH 3-10), and 5% b-mercaptoethanol. The strips were run for 3 h at 400 V using 0.025 M phosphoric acid as the anode buffer and 0.05 M NaOH as the cathode buffer. The gel strips were removed after the first-dimensional run and equilibrated in an equilibration buffer (60 mM Tris-HCl, pH 6.8, containing 2.3% SDS, 5% b-mercaptoethanol, and 10% glycerol) prior to performing the second-dimension electrophoresis on a 10% SDS-polyacrylamide gel. Proteins were stained with Coomassie Brilliant Blue R250.
Immunoblotting
Sperm proteins following separation by 2D-PAGE were electrotransferred onto a nitrocellulose membrane with 0.8-mA/cm 2 current for 1 h. Subsequently, the membrane was stained with 0.1% ponceau S to check for equal loading of proteins. Membranes were then blocked with 5% (w/v) nonfat milk in Tris buffer saline tween (TBST) containing 0.01% Tween (v/v) and 1% BSA (w/v) for 1 h at room temperature, washed, and incubated with the primary antibody prepared in TBST. The monoclonal anti-phosphotyrosine antibody (clone 4G10, purchased from Promega) was used at a dilution of 1:10 000. After the PYRUVATE DEHYDROGENASE COMPLEX AND SPERM CAPACITATION incubation period, the membranes were washed (four times, 5 min each with TBST) and incubated in TBST containing BSA (1%) and the appropriate second antibody for 1 h at room temperature. The second antibody used was conjugated to horseradish peroxidase (Sigma). The blots were developed using the enhanced chemiluminescence kit (Amersham). When anti-phosphotyrosine antibody was preincubated with 10 mM O-phospho-L-tyrosine and then used, the antibody did not cross-react with any of the proteins on the immunoblot (data not shown). The immunoblot shown in the results is a representative blot of three independent experiments using material from different animals. Immunoblotting was also done for the capacitated hamster spermatozoa incubated in TALP in the presence of BP (0.05 mM) for 5 h following the above-mentioned procedure. Quantitation of the protein resolved by immunoblotting was done using PDQuest Version 8.0.1 software (Bio-Rad, Hercules, CA). This software computes the intensity of each and every spot and normalizes the individual spot intensity as a percentage of the total intensity of all of the spots in the gel. The software also excludes horizontal and vertical streaks. Quantity tables were constructed (data not shown) and manually validated by visualization of the individual spots.
Estimation of Pyruvate and Lactate Content in Hamster Spermatozoa as a Measure of Glycolysis
Hamster epididymal spermatozoa following incubation in TALP in the presence or absence of 0.05 mM BP were washed twice with TBS at 48C, treated with 100 ll of 3 M cold perchloric acid, sonicated, and kept at 48C for 30 min. The sperm suspension was then centrifuged at 14 000 rpm for 10 min at 48C, supernatant recovered, and neutralized with 2 N NaOH. The neutralized extracts were used to estimate the levels of lactate and pyruvate fluorimetrically using an F-4010 fluorimeter (Hitachi) according to the method of Storey and Kayne [27] . The excitation and emission wavelengths were 340 nm and 457 nm, respectively, and the excitation and emission bandwidths were 3 nm and 20 nm, respectively. Lactate was estimated using the neutralized extract, NAD, and lactate dehydrogenase. Pyruvate was estimated using the neutralized extract, NADH, and lactate dehydrogenase enzyme. In this reaction, reduction of pyruvate is monitored as the decrease in absorbance of NADH on conversion to NAD, and oxidation of lactate was monitored as an increase in absorbance with formation of NADH from NAD.
Estimation of the Loss of Glucose as a Measure of Glycolysis in Hamster Spermatozoa
Glucose metabolism by glycolysis in hamster spermatozoa was measured as the loss of H]glucose (13.6 Ci/mmol; Amersham Rahn, Zurich, Switzerland) according to the procedure of Urner and Sakkas [28] . In this procedure, spermatozoa (500 million) were incubated in TALP medium supplemented with H]glucose (about 20 lM, equivalent to about 15.6 million cpm) containing 1 mM unlabeled glucose. TALP preparations, containing no spermatozoa but supplemented with radiolabeled glucose, were included in each experiment to determine possible spontaneous breakdown of the labeled glucose. At the required time points, spermatozoa (10 ll) were placed on the inner side of the lids of Eppendorf tubes, which were previously filled with 1.5 ml of 25 mM NaHCO 3 to trap the 3 H 2 O released from H]glucose. As soon as the 10-ll droplets were deposited on the lids, the Eppendorf tubes were closed and incubated at 378C. Both TALP medium and NaHCO 3 were equilibrated with 5% CO 2 in air at 378C prior to use. After the end of incubation, the NaHCO 3 fraction was collected in scintillation vials containing 200 ll of 0.1 M NaOH, which promoted the conversion of dissolved CO 2 and bicarbonate into carbonate. After an overnight incubation, 10 ml scintillation cocktail was added to the vials, and the radioactivity was counted. The experiment was performed in triplicate from two animals.
Assay of PDHA in the Presence of BP in Hamster Spermatozoa
The PDHA in hamster spermatozoa was assayed using [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C] pyruvate as the substrate and by monitoring the formation of 14 CO 2 , the end product of the reaction [29, 30] . In this experiment, spermatozoal aliquots at specific time points of capacitation between 0 and 7 h were removed and quickly cooled to 48C, and the spermatozoa were pelleted at 4000 rpm for 5 min. The spermatozoal pellet was then lysed using TBS buffer containing Triton X-100 (0.5 %), PMSF (1 mM), and aprotinin (1 mg/ml) at 48C. Finally, the spermatozoal lysate was suspended in TBS containing thiamine pyrophosphate (1 mM), sodium arsenite (2 mM), MgCl 2 (2 mM), DCPIP, and 0.05 lCi [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]pyruvate, transferred to an airtight conical flask, and then incubated for 2 h at 378C in a water bath. The evolved 14 CO 2 was then trapped onto a filter paper soaked in 2 N NaOH, which was also suspended in the airtight flask.
Filter papers with the entrapped 14 CO 2 at the end of the reaction were dried and counted in a scintillation counter. The PDHA activity was expressed as nanomoles of 14 CO 2 formed per hour from 1 million spermatozoa. Reactions carried out in the absence of the spermatozoal lysate served as a blank.
Estimation of ROS Levels in Hamster Spermatozoa During Capacitation
The estimation of ROS levels was done as described for human spermatozoa [31] using the luminol assay. Luminol (5-amino-2, 3-dihydro-1,4-phthalazinedione; also, 3-aminophthalic hydrazide) is membrane permeant, and it is used to estimate the combined levels of hydrogen peroxide (H 2 O 2 ), superoxide (O   2À   ) , and peroxyl (OH À ) [32, 33] under physiological conditions. The assay is sensitized by the addition of horseradish peroxidase to the sperm suspension so as to increase the intensity of the spontaneous luminescence levels [31] . In this method, 50 ll of 5 mM luminol is added to an aliquot of spermatozoa (10 million), and the reaction initiated by adding 2.5 units of horseradish peroxidase. Results were monitored for the next 10 min using a luminometer, and the results were expressed as number of chemiluminescence counts per 10 million spermatozoa per minute. In order to rule out the possibility that the monitored ROS signal was not due to contaminating leukocytes, sperm suspensions were treated with fMLP (formyl-methionylleucyl-phenylalanine), which specifically triggers ROS generation in leukocytes (100 lM). Reactive oxygen species levels were monitored in capacitated hamster spermatozoa (incubated in TALP for 5 h) and in capacitated spermatozoa exposed to BP (0.05 mM), MICA (5 mM), and DOG (5 mM).
Estimation of cAMP Levels in Hamster Spermatozoa During Capacitation
Cyclic AMP levels were measured according to the manufacturer's protocol (Amersham Biosciences). Spermatozoa (10 million) were washed twice with TBS at 4000 rpm for 5 min, and the pellet was suspended in 100 ll detergent solution provided with the kit and incubated at room temperature for 15 min. The sperm suspension was then taken in a 96-well microtiter plate and incubated with 100 ll antiserum for 2 h at 48C. To this suspension, 50 ll of cAMP-peroxidase conjugate was added and incubated for 1 h at 48C. After incubation, the sperm suspension was pipetted out, wells were washed with assay buffer thrice, and then to each well 150 ll of enzyme substrate TMB was added and kept at room temperature with shaking for 1 h. After 1 h, the plate was read in an ELISA reader at 630 nm. After recording the reading at 630 nm, 100 ll sulphuric acid was added, which provides an advantage of reading at 450 nm also. The cAMP (picomoles) in the samples was calculated from a standard curve. The cAMP levels were assayed in capacitated hamster spermatozoa (incubated in TALP for 5 h) and in capacitated spermatozoa exposed to BP (0.05 mM), MICA (5 mM), DOG (5 mM), and A23187 (1 lm).
Statistical Methods
Data are presented as the mean 6 SD of multiple experiments. Statistical significant differences were determined by Student t-test.
RESULTS
Inhibition of Hamster Spermatozoal PDHA Inhibits Hyperactivation
PDHA2 by itself does not exhibit any enzyme activity, but a dimer of PDHA2 along with a dimer of PDHB together make up PDHA, which catalyzes the breakdown of pyruvate to carbon dioxide. This activity of PDHA is blocked by BP, a structural analog of pyruvate [19] . In an earlier study, it was demonstrated that only concentrations of BP greater than 0.5 mM [34] inhibited the oxidation of substrates of the glycolytic pathway, such as fructose, glycerol, and glycerol-3-phosphate in boar spermatozoa, thus indicating that BP was capable of inhibiting stage two of the glycolytic pathway in boar spermatozoa [34] . In the present study, various concentrations of BP were used to evaluate the effects of inhibition of PDHA on the motility and hyperactivation of hamster spermatozoa. Bromopyruvate at a concentration of less than 0.05 mM (0.01-0.05 mM) had no significant effect on the percentage of motile spermatozoa (Fig.  1A) . But 0.1 mM BP had a significant effect on sperm motility, 192 and by 1.5 h of treatment the percentage of motile spermatozoa decreased from ;90% to ;15%. Hyperactivation of hamster spermatozoa was not affected by 0.005 and 0.01 mM BP (Fig.  1B) . But 0.05 mM caused a reduction in the percentage of hyperactivated spermatozoa between 1.5 and 5 h of treatment (P , 0.001), although at this dose motility was not altered (compare Fig. 1, A and B) . Thus, although 0.05 mM BP had no effect on the motility of hamster spermatozoa, it reduced the percentage of hyperactivated spermatozoa, implying that PDHA activity is required for hamster sperm hyperactivation. Further, addition of BP (0.05 mM) after 1.5 and at 4 h, when .75% spermatozoa had attained hyperactivation, also caused a significant drop in hyperactivation (P , 0.001; Fig. 1, C and D) .
Earlier studies had indicated that hyperactivated hamster spermatozoa, unlike the nonhyperactivated spermatozoa, show a circular or helical pattern of motility and an increase in VAP and VCL and a concomitant decrease in LIN [7, 10, 35, 36] . The present study confirms similar changes in the control hyperactivated spermatozoa, but these parameters were altered by BP in a dose-dependent manner (Fig. 1, E-G) . Bromopyruvate concentrations of 0.005 and 0.01 mM had no significant effect on VAP, VCL, and LIN up to 5 h, but all these parameters were significantly reduced by 0.05 mM BP by 1.5 h of treatment (P , 0.001; Fig. 1 , E-G) and remained so until 5 h of treatment. These results clearly indicate that hamster spermatozoal PDHA is required for hyperactivation of spermatozoa.
Inhibition of Hamster Spermatozoal PDHA Inhibits Acrosome Reaction
Bromopyruvate at 0.005 and 0.01 mM had no significant effect on the percentage of acrosome-reacted hamster spermatozoa. But 0.05 mM BP delayed the onset of acrosome reaction, and the percentage of acrosome-reacted spermatozoa showed a significant decrease up to the sixth hour of treatment ( Fig. 2A) . Further, addition of BP (0.05 mM) at 1.5 h after incubation in TALP, when hyperactivation had reached the maximum level (Fig. 2B) , significantly decreased the percentage of acrosome-reacted spermatozoa at the fourth, fifth, and sixth hours of incubation. However, delayed addition of BP after 4 h of incubation had no significant effect (Fig. 2C) . These results indicate that PDHA might be playing some role in triggering acrosome reaction.
Role of Hamster PDHA in Tyrosine Phosphorylation
Immunoblot analysis using anti-phosphotyrosine antibody indicated that the overall protein tyrosine phosphorylation pattern in BP-treated (0.05 mM) and control hamster spermatozoa was very similar. Treatment of spermatozoa with BP (0.05 mM) had no effect on protein tyrosine phosphorylation of PDHA2 under capacitating conditions compared with the untreated control spermatozoa (compare Fig. 3, A and B) . But five tyrosine-phosphorylated proteins (enclosed in a circle) showed an increase in intensity in the control spermatozoa (quantitative data not shown). All of the other proteins did not differ significantly in their intensity in the control and treated spermatozoa. A few proteins (enclosed in a square) in the lowmolecular mass region (;30 kDa) were not consistently observed. These results indicate that inhibition of PDHA does not in any way influence the tyrosine phosphorylation of PDHA2.
FIG. 1. Effect of BP on the motility (A), hyperactivation (B)
, and velocity parameters (C-G) of hamster spermatozoa. A) Bromopyruvate does not inhibit motility of hamster spermatozoa at concentrations below 0.05 mM. However, 0.05 mM BP decreased the percentage of hyperactivated spermatozoa (B), and the decrease was observed regardless of whether 0.05 mM BP was added 1.5 h (C) or 4 h (D) after the initiation of incubation in the capacitation medium. In C, D, E, F, and G control and 0.005, 0.01, and 0.05 mM BP-treated spermatozoa are represented by closed bars, horizontal line bars, striped line bars, and open bars, respectively. The dose-dependent effect of BP on VAP, VCL, and LIN is shown in E, F, and G, respectively. Symbols * and # indicate significant differences between 0.05 mM BP-treated spermatozoa compared with the control spermatozoa at P , 0.001 and P , 0.05, respectively, as determined by Student t-test. Experiments were performed thrice with three different animals.
PYRUVATE DEHYDROGENASE COMPLEX AND SPERM CAPACITATION
Effect of Inhibition of Hamster Spermatozoal PDHA by BP on Glycolysis
The observed effects of 0.05 mM BP on hyperactivation and acrosome reaction of hamster spermatozoa may be due to either inhibition of the enzymes of glycolysis upstream to PDHA or the specific inhibition of PDHA in hamster spermatozoa, thus leading to an increase in lactate levels. In the present study, it was observed that. 0.05 mM BP had no effect on the glycolytic activity of hamster spermatozoa as measured by quantification of pyruvate, the end product of glycolysis (Fig. 4A) , which remained unaltered, and also based on the loss of glucose, which also was not affected by BP (Fig. 4B) . It was also observed that lactate concentration increased significantly (P , 0.001) in the presence of 0.05 mM BP in treated capacitated spermatozoa compared with control untreated capacitated spermatozoa of hamster (Fig. 4A) , since the accumulated pyruvate due to inhibition of PDHA is converted to lactate. The present results confirm an earlier study in boar spermatozoa, which indicated that concentrations less than 0.5 mM BP did not inhibit the oxidation of substrates of the glycolytic pathway, such as fructose, glycerol, and glycerol-3-phosphate [34] , but inhibited PDHA. That 0.05 mM BP inhibits PDHA in hamster spermatozoa is demonstrated clearly in Figure 4C . The kinetics of inhibition of PDHA by 0.05 mM BP indicate that 62% is inhibited by 1.5 h, and by 7 h the activity of the enzyme is almost totally inhibited (91%; Fig. 4C ). Bromopyruvate less than 0.05 mM did not inhibit the PDHA of hamster spermatozoa (Fig. 4C) . 
Levels of ROS in Hamster Spermatozoa During Capacitation
Reactive oxygen species levels were estimated in capacitated hamster spermatozoa in the presence of MICA (5 mM) and BP (0.05 mM) to assess the contribution, if any, of PDHc to ROS levels. Reactive oxygen species generated during hamster sperm capacitation remained unchanged (254 6 12.5 in noncapacitated spermatozoa and 249 6 29 in capacitated spermatozoa). However, in the presence of both MICA (5 mM) and BP (0.05 mM), ROS levels in spermatozoa decreased significantly compared with control (Fig. 5A) , thus implying that PDHc activity is associated with ROS generation. Reactive oxygen species levels in the presence of DOG (5 mM), a glycolytic inhibitor, did not significantly decrease the level of ROS, implying that PDHc contributes more substantially to the generation of ROS and that the major source of ROS is from pyruvate-lactate metabolism (Fig. 5A) . In the present study, the likelihood of ROS generation by leukocyte contamination has been ruled out, since hamster spermatozoal preparations with fMLP in the presence of luminol and horseradish peroxidase failed to generate a chemiluminiscent signal (data not shown).
Levels of cAMP in Hamster Spermatozoa During Capacitation
Cyclic AMP levels were estimated in capacitated hamster spermatozoa in the absence or presence of MICA (5 mM), BP (0.05 mM), and DOG (5 mM) to ascertain the relative contributions of PDHc and glycolysis, respectively, to the levels of cAMP (Fig. 5B) . Compared with untreated capacitated spermatozoa, the levels of cAMP decreased in spermatozoa treated with MICA (5 mM) or BP (0.05 mM) or DOG (5 mM), indicating that PDHc activity and glycolysis are associated with cAMP generation (Fig. 5B) . Further, the results of Figure 5 , A and B clearly indicate that MICA (5 mM) and BP (0.05 mM) reduce the levels of ROS and cAMP in hamster spermatozoa, thus implying that PDHc is required for both ROS and cAMP generation.
Dibutryl cAMP Reverses the Effect of PDHA Inhibition on Hyperactivation and Acrosome Reaction
A decrease in cAMP levels in MICA-treated (5 mM) and BP-treated (0.05 mM) spermatozoa compared with control spermatozoa (Fig. 5B ) may be responsible for the observed decrease in hyperactivation and acrosome reaction in MICAtreated (5 mM) and BP-treated (0.05 mM) spermatozoa Hamster spermatozoa were incubated for 7 h, and carbon dioxide production was assessed at different time points during hamster spermatozoal capacitation. Asterisk indicates significant difference compared with the control as determined by Student t-test (P , 0.001). Experiments were performed thrice with three different animals. (Fig. 5B) .This is in accordance with earlier postulations that ROS regulates adenylyl cyclase, thus generating the cAMP required for sperm capacitation as observed in rat and bull spermatozoa [37, 38] . Therefore, by increasing the levels of cAMP in MICA-treated (5 mM) and BP-treated (0.05 mM) spermatozoa, it should be possible to overcome the effects of BP and MICA on sperm hyperactivation and acrosome reaction. This was indeed the case. Hamster spermatozoa treated with BP (0.05 mM) showed significant inhibition in the percentage of hyperactivated spermatozoa (Fig. 6A ), but this inhibition could be overcome significantly by treating the spermatozoa with dibutyl cAMP (dbcAMP; 1 mM; Fig. 6A ). In an earlier study, we had demonstrated that MICA (5 mM) did not inhibit hyperactivation in hamster spermatozoa [10] , and therefore there was no need to repeat this experiment and to study the effect of dbcAMP. Dibutyl cAMP could also significantly overcome the effects of BP (0.05 mM) and MICA (5 mM) on the percentage of acrosome-reacted spermatozoa in hamster (Fig. 6B) . Increasing the concentration of dbcAMP from 1 to 2 mM caused further increases in the percentage of acrosome-reacted spermatozoa. But dbcAMP could not totally overcome the inhibitory effect of BP (0.05 mM) and MICA (5 mM) on the acrosome reaction of hamster spermatozoa.
Earlier, we had shown that the calcium ionophore A23187 could overcome the inhibitory effect of MICA on the percentage of acrosome-reacted spermatozoa [10] . In this report, we show that A23187 could partially overcome the inhibitory effect of BP (0.05 mM) on acrosome reaction and restore it to levels comparative to the control (Fig. 6C) . Dimethyl sulfoxice, the solvent used for solubilizing A23187, had no effect on the acrosome reaction of hamster spermatozoa. Thus, it appears that cAMP and calcium influx into hamster spermatozoa could overcome the inhibition of acrosome reaction in hamster spermatozoa caused due to inhibition of PDHA and DLD. Further, the results of the A23187 experiment indicate that calcium requirement is downstream from the action of MICA [10] .
DISCUSSION
Pyruvate dehydrogenase complex is a multienzyme complex consisting of PDHA, DLAT, and DLD which together convert pyruvate to acetyl CoA and generate NADH. In a recent study, we demonstrated that PDHA activity correlates positively with hamster sperm hyperactivation [13] . To further confirm the involvement of PDHA in sperm capacitation, in the present study, attempts were made to use BP as an inhibitor of PDHA and monitor hyperactivation, acrosome reaction, and protein tyrosine phosphorylation of hamster spermatozoa during in vitro capacitation. Bromopyruvate has been used in both eukaryotes and prokaryotes as an inhibitor of PDHA/ PDHc [34, [39] [40] [41] [42] . Jones et al. [34] and Jones and Bubb [39] using BP identified endogenous substrates in the glycolytic pathway of boar spermatozoa and also established a decrease in ATP content in spermatozoa in the presence of 0.5 mM BP. However, in these studies, the focus was on studying the metabolic activity of spermatozoa, and therefore the emphasis was on retaining the spermatozoa metabolically active by suspending the spermatozoa in phosphate-buffered saline using a very high concentration of BP (0.5 mM) [34, 39] , rather than maintaining them in a medium that would support capacitation. In the present study, BP at a concentration of 0.05 mM (equivalent to one tenth of the concentration used for boar spermatozoa) had no effect on glycolysis (Fig. 4, A and B) , but it inhibited PDHA activity during capacitation of hamster spermatozoa (Fig. 4C) , thus leading to a significant increase in lactate. This observed increase in lactate in spermatozoa treated with BP (0.05 mM) is due to the fact that inhibition of PDHA would lead to an accumulation of pyruvate, which can get converted only to lactate (Fig. 4A) . Simultaneously, it was also observed that 0.05 mM BP inhibited hamster sperm hyperactivation and acrosome reaction, thus suggesting that hamster spermatozoal PDHA activity is essential for both hyperactivation and acrosome reaction, since both of the events are inhibited by 0.05 mM BP (Figs. 1 and 2) . However, concentrations of BP less than 0.05 mM had no significant effect on hamster sperm motility (Fig. 1A) , and this could be attributed to the observation that BP (0.05 mM) had no effect on glycolysis (Fig. 4A) . Recent studies have indicated that even if glycolysis is inhibited, sperm motility could be sustained and stimulated by ketone bodies, such as D-bhydroxybutyrate and acetoacetate [43] .
Hyperactivation appears to be more sensitive to PDHA inhibition than acrosome reaction, since hyperactivation is inhibited regardless of whether PDHA is inhibited prior to the onset of hyperactivation (by adding BP at the beginning of the 196 experiment, at 0 h) or after the onset of hyperactivation (by adding the inhibitor at 1.5 and 4 h separately; Fig. 1, B-D) , whereas acrosome reaction is inhibited only if PDHA is inhibited prior to the onset of acrosome reaction (Fig. 2, A-C ) and the motility of spermatozoa remained unchanged during the treatment (Fig. 1A) . Concentrations of BP above 0.05 mM were toxic to hamster spermatozoa (Fig. 1A) . Thus, it is probable that roles of hamster spermatozoal PDHA with respect to hyperactivation and acrosome reaction are different.
The question that still remains unanswered is, Why is the activity of PDHA or DLD important for sperm capacitation? PDHA and DLD along with DLAT make up PDHc, and thus it is possible that each of the components is important, but the complex as a whole also may be important. The reason for this line of thought stems from the findings that indicate that PDHc can generate ROS (such as peroxides and superoxides) [22, 23] , which in turn have been directly implicated in sperm capacitation [20, [44] [45] [46] . In this report, we provide evidence that PDHA and DLD components of PDHc of hamster spermatozoa generate ROS during capacitation (Fig. 5A) and also that the major source of ROS is due to pyruvate-lactate metabolism, since inhibition of glycolysis with the glycolytic inhibitor DOG did not have any significant effect on the amount of ROS (Fig. 5A ). Recent studies have indicated that extramitochondrial sources generate ROS in spermatozoa [47] . Further, identification of non-mitochondrially located NADPH oxidase(s) and its components in mouse spermatozoa [48] and heart muscle [49] further support the likely role of nonmitochondrial sources in generating ROS, since NADPH oxidases have superoxide-producing capabilities [50] . Our earlier findings that PDHA and DLD are present in extramitochondrial sites [10, 11, 13] and the present observation that these components generate ROS in hamster spermatozoa lend support to the ability of extramitochondrial sources to generate ROS in spermatozoa.
The mechanism by which ROS influences capacitation in spermatozoa is attributed to the ability of ROS to increase cAMP levels, which is required for the cAMP-dependent protein tyrosine phosphorylation, or its ability to influence calcium levels associated with capacitation of spermatozoa [21, 38] . Thus, it would appear that inhibition of ROS would decrease the levels of cAMP, and as a consequence, capacitation would be affected. This is precisely what was observed in the present study (Fig. 5B) , in which it was observed that both MICA and BP significantly decrease the levels of cAMP in spermatozoa and the available cAMP may not be sufficient for hyperactivation and acrosome reaction, thus resulting in inhibition of these processes (Figs. 1 and 2 ) [10] . That cAMP is essential for hyperactivation and acrosome reaction in spermatozoa treated with BP or MICA is also confirmed by experiments with dbcAMP, which demonstrated that the inhibitory effect of BP on hyperactivation (Fig. 6A ) and the inhibitory effect of BP and MICA on sperm acrosome reaction (Fig. 6B) were reversed significantly in the presence of 1 mM dbcAMP (Fig. 6, A and B) . Further, A23187, a calcium ionophore, which was reported to revert the inhibitory effect of DLD on acrosome reaction [10] , also reversed the inhibitory effect of BP on acrosome reaction. These results also imply that the role of hamster sperm PDHA and DLD on hyperactivation and acrosome reaction is upstream to cAMP and calcium influx (Fig. 6, A-C) . Fujinoki et al. [51, 52] reported that PDHB (previously known as PDHE1b and another component of PDHA) is phosphorylated in a cAMP-dependent manner, and evidence was provided to show its association with motility activation of hamster spermatozoa.
Earlier studies had postulated that ROS regulates adenylyl cyclase, thus generating the cAMP required for sperm capacitation, as in rat and bull spermatozoa [37, 38] . However, this is in contrast to the observations of Leclerc et al. [53] , who observed that in human spermatozoa, increases in intracellular calcium during capacitation provoked an increase in cAMP concentration, which in turn stimulated superoxide production. The data in the present study are not sufficient to resolve the discrepancy whether ROS induces cAMP or whether cAMP induces ROS. More detailed studies would unravel the mechanism.
Earlier studies had clearly indicated that glucose metabolism is the major contributor of ATP [54] and ATP required for the generation of cAMP in spermatozoa [55] . The present study confirms this, because cAMP levels in spermatozoa are significantly decreased in sperm treated with MICA, BP, and DOG, but levels are not totally inhibited, indicating that what has decreased has been contributed by pyruvate-lactate metabolism and glycolysis (Fig. 5B) . Despite the significant decrease in cAMP, capacitation-associated tyrosine phosphorylation of proteins in hamster spermatozoa was not altered in the presence of 5 mM MICA [10] and 0.05 mM BP (Figs. 3A  and 4B ). This would imply that the available cAMP in the presence of DLD and PDHA inhibitors is sufficient to trigger cAMP-dependent activation of PKA and tyrosine phosphorylation cascade. This supports the hypothesis that capacitationassociated protein tyrosine phosphorylation in hamster spermatozoa uses more than one regulatory mechanism to regulate tyrosine phosphorylation [6] .
The present study highlights that PDHA is important for hamster sperm capacitation, and inhibition of the enzyme inhibits both hyperactivation and acrosome reaction but not capacitation-associated protein tyrosine phosphorylation. The essentiality of PDHA and DLD for sperm capacitation is probably dependent on their ability to generate effectors of capacitation, such as ROS, cAMP, and an intracellular increase in calcium. The exact mechanism of generation of the effectors, the temporal sequence of generation, and the cross-talk that occurs between the effectors are issues that need to be addressed.
